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We study the phase-space structure of a dark-matter halo formed in a high resolution simulation
of a ΛCDM cosmology. Our goal is to quantify how much substructure is left over from the inho-
mogeneous growth of the halo, and how it may affect the signal in experiments aimed at detecting
the dark matter particles directly. If we focus on the equivalent of “Solar vicinity”, we find that the
dark-matter is smoothly distributed in space. The probability of detecting particles bound within
dense lumps of individual mass less than 107M⊙h
−1 is small, less than 10−2. The velocity ellipsoid
in the Solar neighbourhood deviates only slightly from a multivariate Gaussian, and can be thought
of as a superposition of thousands of kinematically cold streams. The motions of the most energetic
particles are, however, strongly clumped and highly anisotropic. We conclude that experiments
may safely assume a smooth multivariate Gaussian distribution to represent the kinematics of dark-
matter particles in the Solar neighbourhood. Experiments sensitive to the direction of motion of the
incident particles could exploit the expected anisotropy to learn about the recent merging history
of our Galaxy.
PACS numbers: 95.35.+d,95.30.Cq,95.75.Pq,98.35.Gi,98.35.Df,98.35.Mp
I. INTRODUCTION
One of the most fundamental open questions in cos-
mology and particle physics today is what is the nature
of dark-matter. The first indications of its existence came
in the 1930s, with the measurements of the velocities of
galaxies in clusters. The cluster mass required to grav-
itationally bind the galaxies was found to be roughly
an order of magnitude larger than the sum of the lu-
minous masses of the individual galaxies [1, 2]. In the
1970s, observations of the rotation curves of spiral galax-
ies (Vc(r) =
√
GM(r)/r) showed that these were flat
or even rising at distances far beyond their stellar and
gaseous components [3, 4, 5]. These discoveries led to
the conclusion that a large fraction (more than 90%) of
the mass in the Universe is dark. It is now widely be-
lieved that this mass is most likely in the form of yet to
be discovered nonbaryonic elementary particles.
Being the dominant mass component of galaxies and
of large-scale structures in the Universe, dark-matter has
necessarily become a key ingredient in theories of struc-
ture formation in the Universe. The most successful of
these theories is the hierarchical paradigm [6]. In the cur-
rent (and observationally most favoured) version of this
model, the nonbaryonic elementary particles are known
as “cold dark-matter” (CDM) [7]. The term “cold” de-
rives from the fact that the dark-matter particles had
non-relativistic motions at the time of matter–radiation
equality. Their abundance was set when the interaction
rate became too small for the particles to be in thermal
equilibrium in the expanding Universe.
The first objects to form in a CDM Universe are small
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galaxies, which then merge and give rise to the larger
scale structures we observe today. Thus structure for-
mation occurs in a “bottom-up” fashion [8, 9]. This
hierarchical paradigm has allowed astronomers to make
very definite predictions for the properties of galaxies to-
day and about their evolution from high redshift. Direct
comparisons to observations have shown that this model
is quite successful in reproducing both the local and the
distant Universe.
The crucial test of this paradigm undoubtedly con-
sists in the determination of the nature of dark-matter
through direct detection experiments. Among the most
promising candidates from the particle physics perspec-
tive are axions and neutralinos. Axions have been intro-
duced to solve the strong-CP (Charge conjugation and
Parity) violations [10]. They can be detected through
their conversion to photons in the presence of a strong
magnetic field (e.g. [11, 12]). Neutralinos are the light-
est supersymmetric particles, and may be considered as
a particular form of weakly interacting massive particles
(WIMPs). The most important direct detection pro-
cess of neutralinos is through elastic scattering on nu-
clei. The idea is to determine the count rate over recoil
energy above a given (detector) background level. The
experimental situation has been improving rapidly over
the past years, with large-scale collaborations such as
DAMA, Edelweiss and CDMS [13, 14, 15] starting to
probe interesting regions of parameter space (for an ex-
tensive discussion see [16]). The main problem currently
lies in the high level of background noise, either from
ambient radioactivity or cosmic-ray induced activity. In-
formation on the direction of the recoils could potentially
also be useful and yield a large improvement in sensitivity
[17].
In all these experiments, the count rate strongly de-
pends on the velocity distribution of the incident parti-
2cles, and a modulation effect due to the orbital motion
of the Earth around the Sun is expected [18]. In most
cases, an isotropic Maxwellian distribution has been as-
sumed (e.g. [19, 20]), although there are other examples
in the recent literature, discussing multivariate Gaussian
distributions [21, 22, 23]. Attempts at understanding the
effect of substructure in the velocity distribution of dark-
matter particles have also been made [24, 25, 26]. This
substructure would have its origin in the different merger
and accretion events the Galaxy should have experienced
over its lifetime [27].
The progressive build up of dark halos through merg-
ers and accretion of smaller subunits implies that the
latter will leave substructure in the phase-space of the
final object. This is because the phase-space volume of
the final object is much larger than that initially available
for each one of the objects independently. For example,
for a small satellite galaxy the initial phase-space volume
occupied by its particles is proportional to (RsatV satc )
3,
where Rsat is the size of the satellite, and V satc its circular
velocity. The volume available to the satellite particles
after the merging is determined by their orbit, and is a
factor (Rgal/Rsat)3 × (V galc /V
sat
c )
3 larger, where Rgal is
the size of the final object and V galc its circular velocity.
Note that even in the case of a major merger, where the
mass is doubled, the phase-space volume available is al-
ready 4 times larger [45]. The key question is whether
this substructure will be directly or indirectly observ-
able. For example, if there is a bound satellite going
through the Solar neighbourhood at the present day, it
will dominate the flux of dark-matter particles on Earth.
The energy spectrum of these particles will be strongly
peaked around the orbital energy of the clump, perhaps
giving a signal similar to a delta function. As we shall
show in Sec.III B 2 the fraction of mass in satellites which
could have survived the tidal field of the Galaxy by the
present day is less than 10−2 of total mass of the Galaxy,
implying that such a scenario is relatively unlikely.
More realistic is to assume that the satellite halos that
contribute with mass to the Solar neighbourhood will
be completely disrupted. The particles freed from such
satellites will tend to follow the initial orbit of their pro-
genitor, and eventually will fill a volume comparable to
the size of the orbit. Because of the conservation of
phase-space density (Liouville’s theorem), this implies
that locally they should have very similar velocities [46].
Thus one may expect to see streams of particles going
through the Solar neighbourhood, which had their origin
in the different merging events. Such streams have al-
ready been observed in the motions of nearby halo stars
and in the outer regions of the Galactic halo [28, 29].
Streams manifest themselves as peaks in the velocity dis-
tribution function. Clearly it is important to determine
for the dark-matter particles in the vicinity of the Sun
whether this distribution function will be dominated by
a few of these peaks, or whether their number is so large,
that it will be close to Gaussian.
The best way to understand the expected proper-
ties of the Galactic halo in the Solar neighbourhood is
through high-resolution simulations starting from appro-
priate cosmological initial conditions. Analytic modelling
can provide insights into the processes that drive the
build-up of structure such as phase-mixing, or tidal strip-
ping. Nevertheless it needs to be complemented by cos-
mological simulations, that provide the mass spectrum of
the accreted halos, their orbital parameters, their char-
acteristic merging times, and the detailed mixing of the
material they deposit. The highly non-linear character of
the hierarchical build up of a galaxy like the Milky Way,
forces us to resort to numerical simulations to make re-
alistic predictions for its properties. Very high resolution
simulations are required to be able to resolve the sub-
structures leftover from merging events, since their den-
sity contrasts are expected to fade rather quickly with
time (as t3 for sufficiently long timescales [27]).
The main goal of the present paper is to understand
the phase-space structure of a dark-matter halo. We wish
to quantify the expected amount of substructure and un-
derstand its effect on direct dark-matter detection exper-
iments. Particular emphasis will be put on determining
the properties of the dark-matter distribution in the So-
lar neighbourhood: its mass growth history, the spatial
distribution and the kinematics of particles in this region
of the Galactic halo. We address these issues by scaling
down a high-resolution simulation of the formation of a
cluster of galaxies in a ΛCDM cosmology to a galactic
size halo [30].
II. METHODOLOGY
The simulations we analyse here were carried out us-
ing a parallel tree-code [31] on the Cray T3E at the
Garching Computing Centre of the Max Planck Society.
These simulations were generated by zooming in and re-
simulating with higher resolution a particular cluster and
its surroundings formed in a cosmological simulation (as
in [32]). The ΛCDM cosmological simulation has param-
eters Ω0 = 0.3, ΩΛ = 0.7, h = 0.7 and σ8 = 0.9. The
cluster selected is the second most massive cluster in the
simulation and has a virial mass of 8.4 × 1014h−1M⊙.
The particles that end up in the final cluster of the cos-
mological simulation and in its immediate surroundings
(defined by a comoving sphere of 70h−1 Mpc radius) were
traced back to their Lagrangian region in the initial con-
ditions for re-simulation. The initial mass distribution
between 21 and 70h−1 Mpc was represented by 3 × 106
particles. In the inner region, where the original simula-
tion had 2.2 × 105 particles, new initial conditions were
created for 4.5 × 105, 2 × 106, 1.3 × 107 and 6.6 × 107
particles, and small scale power was also added onto this
volume. The original force softening was also decreased
to obtain better spatial resolution. All simulations were
run from very high redshift until z = 0.
We can scale the simulated cluster to a “Milky Way”
halo by scaling the circular velocity so that at its max-
3imum it is equal to 220 km s−1. The scaling factor
obtained in this case is γ = vclc /v
MW
c ∼ 9.18. The
virial radius of our simulated “Milky Way” dark-matter
halo is rvir = 228 kpc. The justification for this simple
scaling relies both on theoretical and numerical results
[34, 35, 36]. For example, high-resolution numerical sim-
ulations have shown that the overall properties of galax-
ies and clusters of galaxies, such as their density profiles,
number of satellites and formation paths have overlap-
ping statistical distributions for the two types of objects.
III. THE PHASE-SPACE STRUCTURE OF THE
GALAXY
In this section we shall focus on the properties of the
dark-matter distribution, with particular emphasis on
the vicinity of the “Sun”. We are interested in which
halos contribute matter to this region of the Galactic
halo, what were their initial properties, and when were
they accreted. We also investigate what is the present-
day spatial and velocity distribution of material in the
“Solar neighbourhood”, and how the direct detection ex-
periments may be fine tuned to determine the nature of
dark-matter.
A series of snapshots of the growth of the cluster are
shown in Figure 1. The simulations start from very small
density fluctuations, assumed to have been produced dur-
ing the inflationary expansion of the Universe [33]. Mat-
ter is then accreted onto these initial density fluctuations
through the action of gravity. A dark halo forms when
an overdense region decouples from the expanding Uni-
verse, turns around and collapses onto itself. This pro-
cess repeats itself on progressively larger scales, and big
halos are formed through the merging and accretion of
smaller units as shown in Fig. 1. These subunits will or-
bit the larger halo as satellites for some time, as shown
in the bottom panels in Fig. 1, until they are completely
disrupted. We will frequently refer to them as subhalos.
The progressive growth of mass of the cluster is schemat-
ically shown in Figure 2 as a “merger tree”.
A. Mass growth history
1. The Galaxy
Let us first study the properties of the dark-matter dis-
tribution as a function of distance from the galaxy centre.
We are interested in determining what type of halos typ-
ically contribute to different regions of the galaxy and
their time of accretion. This is relevant because halos
accreted at late times will be generally less mixed, and
could thus produce more massive streams dominating the
velocity distribution of particles near the Sun. We also
want to estimate the probability that such halos could
contribute to the Solar neighbourhood mass budget.
We proceed by dividing the halo in six spherical shells
around the galaxy centre. These shells are located at:
r < 10 kpc, 10 ≤ r < 25 kpc, 25 ≤ r < 50 kpc,
50 ≤ r < 75 kpc, 75 ≤ r < 100 kpc and 100 ≤ r < 200
kpc. For each particle in a shell, we determine when it
was accreted by the main progenitor of the galaxy start-
ing from redshift z = 2.4 or 11 Gyr ago. Particles may
come from accreted satellites or from the “field”. “Field”
particles are those which did not belong to any bound
structure before becoming part of the galaxy. Because of
our resolution limit, field particles may also come from
halos with less than 10 particles, i.e. with mass smaller
than 8.66×105M⊙. The accretion time for particles in a
subhalo is defined to be the time of accretion of this sub-
halo. In practice, we say that a subhalo Hsub identified
at redshift z has been accreted by the main progenitor
Hmain at redshift z
′, if at least half of the particles of
Hsub are contained within Hmain at z
′, as well as the
most bound particle of Hsub. For a particle from the
field, the time of accretion is simply defined as the earli-
est time at which this particle has become a member of
the main progenitor of the galaxy, as determined by our
FOF algorithm.
In Figure 3 we show the fraction of mass accreted (nor-
malised to the present mass) for each shell as a function
of the initial mass of the accreted satellite and for three
different redshift bins. We divide the analysis into the
mass already present at redshift z = 2.4 (shown in dark
grey); that accreted between z = 2.4 and z = 0.83 (light
grey); and between z = 0.83 and the present day (black).
The first panel of Figure 3 shows that the forma-
tion time of the inner galaxy is strongly biased towards
high redshifts, with more than 60% of the mass already
present at z = 2.4. We also note that late accretion does
not play any role in building up the inner galaxy. Sub-
halos with masses smaller than 107M⊙ accreted at late
times do not make up more than 10−3 of the total mass
in the innermost shell. This has implications for dark-
matter detection experiments, since it implies that re-
cently accreted tiny subhalos with very high phase-space
density do not contribute enough to the Solar neighbour-
hood to have a significant effect on the expected signal,
in contrast to the suggestion in [37]. The only way such
small subhalos could make it to the vicinity of the Sun
would be by being accreted first by a large halo, which
at some later redshift has a major merger with the main
progenitor of the Galaxy. We will quantify how likely
this may be in the next section.
Figure 3 also shows that small accreted subhalos tend
to deposit most of their mass at large distances. In these
outer regions, the contribution of heavy subhalos is of the
same order of magnitude as that from the smaller satel-
lites. The difference in the final debris distribution from
massive subhalos and from lighter ones is due to dynam-
ical friction; very massive satellites can sink to the centre
of the galaxy in short timescales, which enables them to
deposit a good fraction of their mass in the central re-
gions. A large fraction (about 20%) of the mass in the
4FIG. 1: Snapshots of the growth of the dark-matter halo in our simulation. Each panel shows the projected mass density in a
box of side length 5.0 Mpc/h in the original cluster units, which correspond to 778 kpc in the scaled units used throughout the
paper. The panels are centred on the main progenitor of the dark-matter halo at that time. The first panel corresponds to 12.7
Gyr ago, and the last panel to the present time. Note how the halo grows through the merging and accretion of smaller units.
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FIG. 2: Schematic representation of a “merger tree” showing
the growth of a halo in time. Time increases from top to
bottom, and the widths of the branches are proportional to
the masses of the progenitor halos (based on [34]).
outskirts comes from field particles (as shown in the last
panel of Fig. 3), strongly contrasting with the 0.7% seen
for the innermost shell.
Finally we remark that whereas the formation of the in-
ner galaxy is strongly skewed to high redshifts, the outer
regions grow much more gradually in time, with accretion
still being important at late times.
2. The Solar neighbourhood
We now focus on the “Solar neighbourhood”, and anal-
yse the region: 7 kpc < r < 9 kpc. Proceeding as before,
we determine the origin of each particle in this spherical
shell, and when it was added to the galaxy halo. The
growth of mass can take place through mergers or accre-
tion of subhalos, or through a smooth accretion due to
the progressive incorporation of field particles.
In the top panel of Figure 4 we show the mass accreted
at a given time (to be more precise between two consec-
utive outputs) fm(t) normalised to the total present-day
mass in the spherical shell 7 kpc < r < 9 kpc. We also
show the mass accreted for the whole galaxy halo (thus
for r < rvir) as a function of time. We thus confirm that
all the mergers that contributed a substantial amount
of mass to the “Solar neighbourhood” took place quite
early. Mergers at late times contributed a relatively large
amount of mass to the galaxy halo, but deposited most
of this mass in the outer regions of the galaxy.
Particles accreted in the past Gyr, do not account for
FIG. 3: The panels show the accreted mass fraction (nor-
malised to the present-day mass) as a function of the initial
mass of the satellite halo for spherical shells around the galaxy
centre. The different colours correspond to the fraction of
mass accreted at different redshifts. Dark grey corresponds
to the mass already in place at z = 2.4; light grey to mass
accreted between z = 2.4 and z = 0.83; and black to that
accreted between z = 0.83 and the present day.
more than about 10−3 of the total present number of
particles near the Sun. The influence of streams from
such recently accreted material on the velocity distribu-
tion function near the Sun will thus be relatively small,
and may dominate only the high energy tail of the dis-
tribution function.
The lower panel in Figure 4 shows the growth of mass
(Fm(t) =
∫ t
0
fm(t
′)dt′) as a function of time. We see that
more than 50% of the mass that ends up in the “Solar
neighbourhood” today was already in place 11 Gyr ago,
and about 90% 10 Gyr ago. Of course, this depends on
the specific merger history of this halo, since the large
increase of mass observed at t = 4 Gyr is due to a major
merger taking place at the time. However, we also notice
that after t = 7 Gyr, there is almost no increase of mass
in the vicinity of the “Sun”. The large contrast with the
gradual mass growth of the halo as a whole can be clearly
perceived from this figure.
B. Spatial distribution in the Solar neighbourhood
One of the critical issues in understanding the outcome
of the various dark-matter experiments consists in char-
acterising the expected signal. As discussed in the intro-
duction, of fundamental importance is to know whether
the distribution of particles in the vicinity of the Sun is
smooth or might be dominated by a just a few streams
6FIG. 4: Filled circles in the top panel show the growth of
mass in the “Solar neighbourhood” normalised to the mass
present at z = 0. Open circles correspond to the growth of
mass of the whole galaxy halo. The bottom panel shows to
the cumulative growth of mass. Note that 85% of the mass
in the Solar neighbourhood was already in place 10 Gyr ago.
For the whole galaxy halo (dashed curve), this did not happen
until 6 Gyr ago.
or even bound lumps (e.g. [37]). Below we shall describe
the velocity distribution of particles that end up in this
region of the galaxy halo. Here we focus on their spatial
properties.
In Figure 5 we plot the positions of all particles inside
a cubic volume of 2 kpc on a side, located 8 kpc from the
“Milky Way” centre, which we assume is the distance
between the Sun and the Galactic centre. Because the
dark halo is triaxial, although almost prolate (the axes
ratios are I1 : I2 : I3 = 0.65 : 0.71 : 1), we assume the
Galactic disk to be perpendicular to the major axis of
the halo. The spatial distribution of particles inside this
representative volume is extremely smooth, as shown in
Figure 5. This is mostly due to the fact that the material
that ends up in the inner galaxy mostly comes from a few
very massive halos. The very short dynamical timescales
in this region of the galaxy are also responsible for the
very rapid and efficient mixing, after which there remains
very little or no spatial information on their origin.
1. The properties of the halos that contribute to the Solar
neighbourhood
To determine the characteristics of the halos that have
contributed matter to the Solar neighbourhood, we fo-
cus on the spherical shell: 7 kpc < r < 9 kpc. As in
FIG. 5: The top panels show the spatial distribution of par-
ticles inside a 2 kpc on a side volume located at 8 kpc from
the galaxy centre, i.e. this volume is centred on the “Sun”.
There are 474 particles in this box. The bottom panel shows
their distribution on the sky.
Sec.III A 2, we identify the origin of the particles that
are located in this shell at the present time. We group
the parent satellites according to their initial mass in log-
arithmically spaced bins of width dlogM = 0.5 starting
from 105.5M⊙ to 10
12M⊙. We estimate the contribution
from halos identified at three different redshifts. Either
such halos are directly accreted by the galaxy, or they are
accreted by another more massive subhalo, which even-
tually merges with the galaxy.
In the left panel of Figure 6 we show the contribution
of matter to the spherical shell normalised to the present
mass in the shell. Thus we see that a large fraction of
the mass in this shell comes from the most massive halos
identified at z = 2.4, and very little from field particles
(as was also shown in Figure 3). For higher redshifts the
largest contribution tends to come from smaller satel-
lites, which is just a consequence of the fact that the
heaviest halos have not yet collapsed at these redshifts.
For sufficiently high redshift, the field particles (i.e. from
unresolved halos) are the largest contributor to the mass
present today in the Solar neighbourhood.
Just a few individual halos contribute to the largest
mass bins. However, for the small mass bins, the number
of halos contributing within a given bin actually increases
dramatically, as shown in the right panel of Figure 6.
The large fraction of the mass in the spherical shell 7
kpc < r < 9 kpc that comes from halos with masses M
in the range 105.5− 106M⊙ for z ∼ 10, thus originates in
a large number of small independent halos.
7FIG. 6: The left panel shows the fraction of mass in a shell around the “solar” radius coming from halos identified at three
different redshifts, normalised to the present mass in the shell. The first bin shows the contribution of field particles at the
different redshifts, which end up in the “Solar neighbourhood”. By z = 10.4 not many massive halos have yet collapsed, and
almost all particles come from the field. However, by z = 2.4, most of these field particles are found in halos. The largest
contribution to mass in the vicinity of the Sun comes from halos heavier than 1010 M⊙. The right panel shows the number of
contributing halos in the different mass bins.
2. Are there any bound subhalos in the Solar
neighbourhood?
There have been recent suggestions in the literature
that there could be a population of very tiny subhalos
orbiting in the Solar neighbourhood [37]. These subhalos
which collapsed at very high redshift, might have suffi-
ciently large densities to survive almost intact until the
present day. If this picture were correct, their presence
would produce a signal on dark-matter detectors that
would be very different from that of a Gaussian distribu-
tion coming from a smooth halo.
Figure 6 shows that the contribution of mass from ha-
los of 105.5− 106M⊙ is not negligible, ranging from 0.9%
for halos identified at z = 2.4 to 4% for those identified at
z = 10.4. However, none of these halos has managed to
survive bound in our simulations, and so the mass they
have contributed is in a smooth component at the present
time.
However we also need to quantify the probability that
some of the mass actually comes from bound subhalos
below our resolution limit. To tackle this problem we
need to estimate the fraction of the mass in such subhalos
which remained bound until the present day with respect
to the total mass of the galaxy. We shall do so using all
subhalos orbiting within the virial radius of the galaxy
today. These subhalos are mostly found in the outskirts
of the galaxy, where their survival times are longer due
to the smaller galactic tidal forces.
The subhalo mass function dN/dM gives the number
of satellites of the galaxy halo with mass in [M,M +
dM ]. With a sophisticated subhalo finder it is possible to
determine dN/dM for our simulated halo at the present
time [30]. Figure 7 shows that the number of subhalos in
a given mass bin can be well fit by a power law:
dN
dM
= 1.45× 10−4
h
M⊙
[
M
107M⊙h−1
]−1.73
. (1)
Although the total number of halos with masses smaller
than M diverges, the total mass in these halos is a well-
defined and finite quantity
MT (< M) =
∫ M
0
dN
dM ′
M ′dM ′.
Thus
MT (< M) = 5.29× 10
10
[
M
107M⊙h−1
]0.27
(2)
in M⊙h
−1. Since the total mass of the galaxy halo in
our simulation is Mhost = 1.2× 10
12M⊙h
−1, the fraction
of mass contained in subhalos of mass smaller than M is
p(< M) = MT (< M)/Mhost:
p(< M) = 4.4× 10−2
[
M
107M⊙h−1
]0.27
. (3)
Thus for example, for the whole galaxy halo the fraction
of mass in bound satellites smaller than 107M⊙h
−1 at
8FIG. 7: Differential satellite mass function M−1
host
dN/dM at
redshift z = 0 normalised to the mass of the host halo.
The solid circles correspond to the whole population of satel-
lites, while the asterisks only to those located in the inner 30
kpc. In the latter case Mhost is the mass within this spher-
ical region. The straight line corresponds to log dN/dM =
a + b logM , showing that the differential mass function is
very well fit by a power law.
the present time is 4.4 × 10−2. This overestimates the
fraction of mass in subhalos orbiting the inner galaxy,
since the spatial distribution of subhalos is skewed to-
wards large distances from the galaxy centre, where tidal
forces are weaker. For example, if we estimate p(< M)
only from subhalos within 30 kpc from the galaxy cen-
tre, we find that the fraction of mass in bound satellites
smaller than 107M⊙h
−1 is 9.7×10−3, a factor of 5 smaller
than previously found. We may conclude that at most
about 1 out of one hundred events detected in any dark-
matter experiment are expected to come from particles
in subhalos with mass below 107M⊙h
−1.
C. Kinematics in the Solar neighbourhood
In Figure 8 we plot the velocities of particles inside a
cubic volume of 2 kpc on a side, located at 8 kpc from the
“Milky Way” centre. (The same volume as in Figure 5.)
We identify with different colours and symbols particles
that belonged to the same halo at z = 2.4. At this red-
shift, which corresponds to 11 Gyr ago, we find 252003
halos with at least 10 particles in our simulation. In the
box shown in this figure, there are 474 particles which
come from 39 different halos; only 3 contribute with more
than ten particles. These three halos comprise the main
progenitor of the galaxy (i.e. the trunk in Figure 2) and
the two most massive halos that merged with the galaxy
(see Figure 4. We do not expect all particles of the same
colour to be clustered in a single massive stream, since
each individual halo is predicted to have given rise to
many streams in the Solar neighbourhood [27, 41]. For
example, the sixteen particles originating in the third
most massive halo (3% of the particles in this volume)
are distributed in ten different streams. Therefore, it is
not surprising that it is difficult to distinguish streams in
this figure. The total number of particles inside this box
is too small to populate each expected stream with more
than one or two particles.
1. The velocity distribution function
Turning to a larger volume of 4 kpc on a side, allows us
to increase the number of particles by roughly a factor of
8. In Figure 9 we plot the velocity distribution function
in such a box in the vicinity of the “Sun”. The left and
right panels show the differential and cumulative velocity
distributions, respectively. We also show how these dis-
tributions compare to a multivariate Gaussian with the
same velocity ellipsoid as the data. Although slight dif-
ferences are visible, it is hard to distinguish the two dis-
tributions from one another without making a detailed
statistical comparison.
2. The fastest moving particles
In Figure 10 we show the velocities of particles located
in the same 4 kpc on a side box of Fig. 9. We also note
here that their velocity distribution is relatively smooth.
However, if we focus on the highest energy particles this
seems no longer to be the case, as shown by the particles
highlighted in grey. The 1% fastest moving particles are
strongly clumped. Most of this signal comes from a halo
of mass 1.94 × 1010M⊙ that merged with the galaxy at
z ∼ 1. Figure 11 shows the directions of motion of all
particles in the box, where we again highlight the fastest
moving ones. Their distribution is clearly anisotropic.
3. The velocity correlation function
To quantify the deviations from a smooth Gaussian
distribution due to the velocity substructure present in
a volume in the Solar neighbourhood, we compute the
correlation function in velocity space. We define the (av-
eraged) velocity correlation function 〈ξ〉 as
〈ξ〉 =
〈DD〉
〈RR〉
− 1 (4)
(e.g. [40]) where 〈DD〉 is the number of pairs of particles
in our simulation with velocity difference less than a given
9FIG. 8: Principal axes projections of the velocities of particles located in a box of 2 kpc on a side on the “Solar” circle, where
all quantities have been scaled to the “Milky Way halo” as described in the text. There are 474 particles in this box. The
different colours and symbols are used here to indicate particles originating in the same halo identified 11 Gyr ago. Open
circles correspond to particles from halos which do not contribute substantially to this volume. Black filled circles are particles
from the main progenitor identified at this redshift (226 particles, i.e. 47%). Open triangles correspond to “field” particles, i.e.
not associated to any halo 11 Gyr ago (42 particles, i.e. 9%). The squares (129 particles, i.e. 27%) correspond to the second
most massive halo identified at this time, which merged with the galaxy about 10 Gyr ago. The light grey circles (16 particles,
3%) are for the third most massive halo, which merged with the galaxy about 7 Gyr ago. These events are clearly visible in
Figure 4, as having contributed most of the mass in the “Solar neighbourhood” in the history of the galaxy.
FIG. 9: For particles located in a box of 4 kpc on a side at
the “Solar” radius, we plot the differential (left) and the cu-
mulative (right) velocity distributions (solid histograms). The
dotted histograms correspond to the expected distribution for
a multivariate Gaussian with the same velocity ellipsoid and
number of points as the data. The main differences are that
the actual distribution of velocities appears to be broader and
with a sharper cutoff than the Gaussian, and it is slightly less
peaked.
value, i.e.
〈DD〉 =
∑
pairs of particles i, j with |vi − vj | < ∆.
(5)
〈RR〉 is defined analogously for the same number of ran-
dom points. We estimate the error in 〈ξ〉 as
∆〈ξ〉 =
1 + 〈ξ〉√
〈DD〉
. (6)
We compare the motions of particles located in the
box of Figures 9, 10 and 11 with those expected from a
smooth Gaussian distribution. We generate Nreal = 10
different Monte Carlo simulations with the same velocity
dispersion tensor and number of points as observed in
this box located in the vicinity of the Sun. We compute
〈ξ〉 as in Eq. (4), with
〈RR〉 =
∑Nreal
i=1 〈RR〉i
Nreal
, (7)
where the sum is over the Nreal different Monte Carlo re-
alizations. Thus 〈RR〉 is the number of pairs of random
deviates averaged over the ten Monte Carlo realizations.
Figure 12 shows that there is a small, but statistically
significant, excess of particles with similar velocities (i.e.
below 100 km s−1) with respect to what would be ex-
pected for a multivariate Gaussian distribution. However
if we focus on the 1% fastest moving particles, the excess
of pairs of particles with similar velocities is very notice-
able, and is a clear indication of the streams visible in
Fig. 10. Analysis performed with the 5% fastest moving
particles still shows a significant deviation from a mul-
tivariate Gaussian, albeit of smaller amplitude. For the
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FIG. 10: Principal axes projections of the velocities of particles located in the same box of Fig. 9. Of the 4362 particles
present in this volume, we highlighted the 1% fastest. The velocity dispersions along the principal axes are σ1 = 111.2 km
s−1, σ2 = 120.1 km s
−1, and σ3 = 141.4 km s
−1. The lump with v1 ∼ −185 km s
−1, v2 ∼ −140 km s
−1and v3 ∼ −370 km
s−1corresponds to a halo of 1.94 × 1010 M⊙ identified at z = 2.4, and accreted at z = 1, or 8.2 Gyr ago.
FIG. 11: This plot shows the directions of motion of the same
particles discussed in Figs. 9 and 10. We highlight in grey the
1% fastest moving particles. The position of a particle in
the plot is given by the spherical angular coordinates of its
velocity vector, e.g. v1 = v cosφ cosθ, where θ is the latitude
and φ the longitude.
10% fastest moving particles, the deviation is as large as
that observed for the full data set, and would thus only
be visible with a large number of detection events, i.e. of
at least a few thousand dark-matter particles.
Although the results presented here correspond to the
analysis of just one box in the “Solar neighbourhood” the
features observed here are representative of what is seen
for other similar volumes in this region of the galaxy.
IV. DISCUSSION
The build up of dark-matter halos in a hierarchical uni-
verse is a very nonlinear process, which happens through
the merging and accretion of smaller subunits. The dom-
inant dynamical processes at work are tidal stripping, by
which a satellite halo progressively loses its mass, and
phase-mixing by which this mass is progressively strung
out along streams. As an example we briefly discuss
a halo of 4.3 × 1010M⊙ accreted at z = 1.8 (t = 3.62
Gyr), and the mass lost between z = 0.13 and z = 0.06
(t = 12.08 and t = 12.91 Gyr). In Figure 13 we show
the distribution of particles lost in this redshift range,
in a 2–dimensional projection (r, vr) of phase-space. In
the left panel we show their distribution just after they
were released from their parent satellite. The right panel
shows that what was initially a relatively coherent set of
particles with similar motions, has by the present time
spread out into four different streams which are seen to
overlap in space. Note that this happened in less than
1.7 Gyr, which shows how short the mixing timescales
are in the inner galaxy.
The density in a stream decreases in time, as the par-
ticles spread out along the orbit of their progenitor sys-
tem. Because the orbit defines a 3–dimensional volume (a
doughnut shaped volume defined by the orbital turning
points), the density in a stream will decrease as (t/torb)
−3
[27]. Thus, extrapolating the result obtained for the ma-
terial shown in Fig. 13 – the formation of 4 streams in 1.7
Gyr–, and noting the very early build up of the galaxy
halo (as demonstrated in Sec. III A 2), we estimate that at
least 4× (0.7Gyr/0.35Gyr)3× (10Gyr/1.7Gyr)3 ∼ 6500
dark streams should be present in the Solar neighbour-
hood (a detailed careful analysis, taking also into account
other halos, shows that this number should be even larger
[41]). Here we used that the orbital periods of particles
in Fig. 13 are of the order of 0.7 Gyr, while the median
for particles near the Sun is closer to 0.35 Gyr.
We note here that some authors [24, 26] have assumed
that the density decrease in a stream is slower in time
(linear or quadratic), from which they (incorrectly) de-
duce that the streams should have much higher densities.
These works then argue that streams can strongly affect
the signal detected for the flux of dark-matter particles
going through the Earth. We have just shown this is not
the case.
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FIG. 12: For the same box as in Figures 9, 10 and 11, we
plot the “(averaged) velocity correlation function” 〈ξ〉. It is
defined as the number of neighbours with velocity difference
less than a given value compared to what is expected for ran-
dom deviates. In this case the random deviates are drawn
from a multivariate Gaussian with the same number of par-
ticles and velocity dispersion tensor as the data. Asterisks
correspond to 〈ξ〉 over all the particles in the box, whereas
diamonds to the 1% fastest moving particles. Both for the
full data set and for the fastest moving particles there is a
signal at small velocity differences, indicative of the presence
of streams. This signal is clearly much stronger for the sub-
set of most energetic particles. The error bars are based on
Poissonian counts.
FIG. 13: Here we show the phase-space projection (r, vr) for
particles lost from a halo between z = 0.13 and z = 0.06 (be-
tween 12.1 and 12.9 Gyr). The left panel shows their distribu-
tion close to when they were released. The right panel shows
their present day distribution. The multiple streams were
produced in the lapse of at most 1.7 Gyr. The grey curves
have been added to highlight the location of these streams in
the diagram.
These results also apply to the density contrast in caus-
tic surfaces or rings, expected to form at the orbital turn-
ing points. We note here that the proposed large effect
associated with sheets of particles falling in for the first,
second or third time is not observed in our simulations.
This is not due to our finite resolution (as suggested by
[42]), but due to the fact that the formation time of the
inner halo is so strongly biased to high redshifts. Since
particles which orbit the Solar neighbourhood have or-
bital periods of the order of 0.35 Gyr, and the inner
galaxy was already in place 10 Gyr ago, this implies that
the density of these caustic structures should be of the
order of (10 Gyr/0.35 Gyr)−3 ∼ 4 × 10−5 times smaller
today. For these reasons structures such as caustic rings
or surfaces will likely have no effect on the signal that
dark-matter experiments will detect.
Recent analytic work [25] has focused on the effect of
recently accreted material on the velocity distribution
function near the Sun. As these authors discuss, such
material will mostly dominate the high energy tail of the
velocity distribution, and provide a non-Gaussian and
perhaps more easily detectable feature in the spectrum of
particles that go through the Earth. Although we reach
a similar conclusion in Sec.C.2, we do not agree on the
magnitude of this effect. In particular, we find that the
density of streams from such recently accreted material
is a factor of ten smaller than has been estimated in [25].
Probable causes for this discrepancy can be perhaps be
attributed to the different orbital distributions of the ac-
creted lumps (provided ab initio in our simulations, and
assumed to have a particular form in [25]); and in the dif-
ferent methods used to measure the density of a stream
(total density of material from an accreted halo versus
density of individual streams).
Although our simulation represents the formation of a
cluster halo, rather than that of a galaxy, and it is only
one possible realization of the formation of a dark-matter
halo, we believe the conclusions we have reached are ro-
bust. For example, the mass growth history of this partic-
ular halo is consistent with that of the Milky Way: most
of the mass was already in place in the cluster halo 10 Gyr
ago, in good agreement with the age of the oldest stars in
the Milky Way disk. High resolution simulations by other
authors have shown that galaxy and cluster sized halos
grow in statistically similar ways and that our particular
halo is not unusual [36] (see also [44]). Also, the prop-
erties of the velocity distribution of dark-matter in the
Solar Neighbourhood are in good agreement with the ob-
served kinematics of halo stars [43]. Moreover, the char-
acteristics of the streams in our simulation, such as their
low densities and large number, are consistent with the
simple analytic estimates discussed above. Work along
the lines of [25] can provide further insight on how much
variation one may expect to find on a halo-to-halo basis.
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V. CONCLUSIONS
We analysed a high resolution simulation of the for-
mation of a cluster in a ΛCDM cosmology. By scaling it
down to a galaxy size halo (by the ratio of the maximum
circular velocities) we were able to make predictions for
the expected dark-matter distribution near the Sun.
Our results indicate that direct detection experiments
may quite safely assume that the distribution of dark-
matter particles in the Solar neighbourhood is well rep-
resented by a multivariate Gaussian. We find that none
of the streams present in any of the volumes at the Sun’s
distance from the Galactic centre dominate their local
distribution. The mean density of an individual stream
is typically 0.3% that of the local dark-matter distribu-
tion (deduced from the number of particles in the rather
dense stream shown in Figure 10). These small values
are due to the fact that most of the streams in the inner
galaxy come from a few massive halos that merged at
high redshift to build up the object we see today. These
large halos mix extremely quickly and therefore give rise
to low density structures. Strong density enhancements
such as those predicted in [24, 42] are extremely unlikely
in the inner Galaxy. Our simulation also shows that we
should not expect to find dense, recently formed streams
near the Sun, since the last accretion contributing matter
to the Solar neighbourhood typically took place about 1
Gyr ago, and provides only ∼ 10−4 of the total mass in
this region. Moreover, we find that fewer than 1% of the
local dark-matter particles could be part of small dense
subhalos which have survived intact within the larger
halo of the Milky Way. It is therefore unlikely that an
individual halo with these characteristics will dominate
the signal in direct detection experiments.
Direct detection experiments which are sensitive to the
direction of motion of the fastest moving dark-matter
particles may discover a direct indication of the hierar-
chical growth of our Galaxy’s halo. The expected signal
for these fastest moving particles is highly anisotropic,
and could be eventually be used, not just to determine
the nature of the dark-matter, but also to recover, at least
partially, the recent merging history of the Milky Way.
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